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RESEARCH MEMORANDUM

ROCKET-ENGINE THRO19ZD?G

.

13yWilliam A. !hmazic

The performance and operating characteristics of two variable-thrust
injectors were investigated over a wide thrust range using mixed oxides
of nitrogen and amonia. Specific impulse, characteristicveloci@,
thrust coefficient, and over-all efficiency (percent of theoretical spe-
cific impulse achieved) are presmted as functions of thrust. ‘Thrustis
also shown as a function of chamber pressure.

A ~ thrust range of 12 during one run was obt.shed with a
triplet i.mp.$nging-jet injector. Specific impulse varied from 238 pound-
seconds per pound at full thrust (96 percent of the theoretical peak at
full thrust) to 123 pound-seconds per pound at 1/10 thrust (72 percent of
the theoretical peak at 1/10 thrust).

A ~ throttling range of 18.5 was obtained during one run with
a swirl-cup injector. Specific impulse varied frcm 222 pound-seconds per
pound at fuU thrust (90 percent of the theoretical peak a% full thrust)
to 11.6pound-seconds per pound at 1/10 thrust (69 percent of the theo-
retical maximum at 1/10 thrust).

INTRODUCTION

Controlled variation of thrust is of interest in manned aircraft
power plants, missile-guidance programming, and ducted rocket engtnes.
Simple thrust control, smooth ccmhstion, and high specific impulse
throughout the thrust range are desirable features in such applications.
High specific impulse requires the maintenance of good mixlmre prepara-
tion and high nozzle pressure ratios throughout the thrust range. To
achieve both of these, throttling of liquid flow at the injector and of
gas flow at the engjne throat are reqzired.

The work reported herein is concerned only with liquid throttling
at the injector. The injectors used were developed fran the two most
premising constant-thrusttypes tested (ref. 1). WLth a triplet
impinging-jet injector, flow throttHng was achieved by changing the
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number of operative triplet sets with pistons in the flow passages. With
a swirl-cup injector, flow was varied by a single piston controlling the
orifice area. This type of injection and control had been used previously
(ref. 2).

The triplet injector was tested at chamber pressures frm 47 to 457
pounds per square inch absolute and at thrusts from 96 to 1710 pounds.
The swirl-cup injector was tested at chamber pressures from 42 to 435
pounds per squsxe inch absolute and at thrusts from 86 to 1587 pounds.

Experimental specific impulse, characteristicvelocity, thrust coef-
ficient, and over-all efficiency (percent of theoretical specific impulse
achieved) are shown as functions of thrust. Thrust is also presented as
a function of chariberpressure.

APPARmJs

Propellants and Flow System

The oxidant was mixed oxides d nitrogen, which consisted of 70 to
72 percent nitrogen tetroxide and 28 to 30 percent nitric oxide. The
fuel was liquid a@@rous amonia. Both were obtained as U@ids in
camaercial cy~ders.

The propelhnts were fed to the en@ne frcm he13um-pressurized tanks,
with the flow rates controlled by tank pressures. firing operations were
accomplished with remotely controlled valves. A chamber was provided be-
tween the fuel-control valve and the engine to hold the Hthium used to
obtain spontaneous ignition (ref. 3). All components of both flow systems
were of stainless steel.

-e and Mounting

The engine (fig. 1) was a water-cooled unit with a 4-inch chamber
diameter designed for 1000-pound thrust at a chamber pressure of 300
pounds per square inch absolute. The engine was mounted on a movable
stand supported by two steel flexure plates peqenticular to it. The
stand was inclined downward at an angle of 30°.

bjectors

Triplet impinging-jet injector. - The triplet impinging-jet injector
is shown in figure 2. Six groups of 10 triplet sets each were arranged “ “
in two psmllel rows across the injector face. Control pistons under
the injector face, moved by a pneumatic valve actuator, vsried the k
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number of triplet sets open. The control pistons were designed to make
the same change in each of the six groups simultaneously. Of the 60
triplet sets, 54 had O.047-inch-diameterfuel holes and 0.037-inch-
diameter oxidant holes. The other six sets had 0.033-inch-diameterfuel
holes and 0.028-inch-diameteroxidant holes. These six sets operatimg
alone gave the minimum flow.

Swirl-cup injector. - The swirl-cup injector (fig. 3) had two fuel
and two otidant entries arranged alternately about the cup 90° apart.
The entry holes were tangent to the circumference of the cup and 10° frm

8 normal to the EGCLSpointing out of the cup. Amovable piston formed the
bottm of the cup. The piston was movedby a pnematic valve actuator to
change the orifice area in order to vary the flow into the cup. A hQh-
pressure helium purge behind the piston prevented propellants going be-
hind the piston.

“Exhaust Duct system

An exhaust duct snd burner system was used for runs with the swirl-
CUP injector to burn the nitrogen dioxide exhausted from the engine. The
duct used to channel the exhaust gases from the rocket to the burner was
constricted to approximately a 0.12-inch annulus about the rocket nozzle
to mimbnize the induction of air. This burner and duct were not used for
testing of the triplet injector.

~trwnentation

Thrust . - Thrust was measured with a calibrated strsdm gage and re-
corded on a self-balancingpotentiometer. The accuracy of the measure-
ments, ticluding variation of calibration constants and interpretations
of chart readings, was approxhately *2 percent. Accuracy, as used here-
in, indicates ap~roximately 90 percent confidence that any single value is
within the error limits specified.

Flow rates. - Turbine-~ flowmeters were used for the majori~ of
the tests. The accumcy of flow measurements made with them, including
density determinations,was approdnately +1.5 percent. The extreme low
flows for the swirl-cup injector (less than 350-lb thrust) were measured
by continuous tank weighing, using calibrated stra3n gages recording oh
self-balancingpotentiometers. The accuracy of the measurements was
approximately k2.5 percent.

Combustion-chamberpressure. - Combustion-chamberpressure was meas-
ured by both Bourdm tube-t~e recorders and variable-resistance-type
pressure pickups where output was recorded on sm oscillo~ph. The
accuracy of each method was approximately=.0 percent.

.
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Tarperature. - Cqer-constantan thermocouples were used to measure
propellant temperature (within+2° F) in the flow lines new the turbine-
type flowmeters. Determination of propellant densities was within ~. 5
percent.

PROCEDURE

Both fuel and oxi.d.antwere loaded tito the cell tanks as l@ulds from
cmmercial cyhders. Dry high-pressure helium was used to force the pro-
pellants from the tank to the engtne. The atition of lithium to anmmnia
in the flow line made the amonia se~-igniting with tied oddes of nitro-
gen. Valve openings were ttied for an oxidant lead of approximately O.1
second on start and a comparable override on shutdown. At shutdown, the
injector and chmiber were purged with helium. Most runs were 4 to 6 sec-
onds in duration.

k
Exp&imental specific impulse was calculated from measured values of

thrust and propellant flows. Th< accuracy of the calculated values was
approximately&3.5 percent with the turbine-type flowmeters and 4.5 per-
cent with the weight method. Characteristic velocity was calculat~ from
measured chamber pressure, thr-t area, and propellant flows. The accu-
racy was approximately*3.O with the turbine-t~e flowmeters and @. O
percent with the weight method. Thrust coefficient was obtained frcm
experimental chaiber pressure, thrust, and throat area, to an accuracy of
approximately&5.5 percent.

Performance of the triplet injector was ob-ined at various thrust
levels as a function of the .cxchhnt-fuelratio. Above half-thrust, peak
performance Toints were distinctly determined to give performance as a
function of thrust. Below half-thrust, operating &Lfficulties (e.g.,
poor mixture-ratio control; see DISCUSSION) prevented a good determination
of peak performance at each thrust level. The points given represent tlx+
highest performances as measured but are not for optimum mixture-ratio
conditions. One point, at a 372-pound thrust, was extrapolated from data
for conditions far fran the optimum mixbure ratio.

With the swirl-cup injector, runs were made at various thrust levels.
l?komthese, dll the runs in a specified range of oxidant-fiel ratio (1.31
to 2.06) were plotted directly to give performance as a function of thrust.

Theoretical specific hpulse as a function of thrust and thrust as
a function of _er pressure were calculated to @ve a basis of compari-
son with the experimental data (appendixA).

o
0
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iThe experimental data for the trip et impinging-jet injector are
shown in table I and figures 4 and 5. lR@re 4 shows specific brpulse,
characteristicveloci~, and thrust coefficient as functions of cxch3ant-
fuel weight ratio for full-thrust operation. The peak specific hpulse
was 238 pound-seconds per pound at an otidant-fuel ratio of 1.9, or 96
percent of the theoretical maximum. The characteristicvelocity was 5220
feet per second and the thrust coefficient 1.46.

Performance is presented as a function of thrust in figure 5. Spe-
cific hpulse was 238 pound-seconds per pound at full thrust and 123 pound-
seconds per pound, or 72 yercen.tof the theoretical peak, at 1/10 thrust.
The largest thrust ratio obtained in a single run was 12. Characteristic
velocity dro ped frcm 5220 feet per second at full thrust to 3870 feet per

rsec’ondat 1 10 thrust. Thrust coefficient was 1.46 at full thrust and
0.98 at 1/10 thrust.

,

The experimental data for the swirl-cup injector are shown h t%ble
~ and figure 6. Specific hpulse, characteristicvelocity, snd thrust
coefficient are presented in figure 6 as functions of thrust. The peak
specific impulse was 222 pound-seconds

T

er pound at fuXl thrust, or 90
percent of the theoretical peak. At 1 10 thrust the specific impulse was
116 pound-seconds per pound, or 69 percent of the theoretical value at
that thrust. A thrust ratio of 18.5 was obtained during one run with this
injector. Characteristic velocity was 4950 feet per second at fuU thrust
and 3840 feet per second at 1/10 thrust. Thrust coefficient ranged from
1.45 at full thrust to 0.93 at 1/10 thrust.

A comparison of the two injectors is shown in figure 7. Over-all
efficiacy (percent of theoretical.specific hrpulse achieved) is plotted
as a function of thrust for both injectors. The triplet injector gave
96 percent of the theoretical.maximum efficiency at full thrust, but ef-
ficiency dropped steadily as thrust decreased. Although the swirl-cup
injector gave only 90 percent of the theoretical peak at flillthrust,
efficiency did not fall below 90 percent of theoretical mudmn?m until
about 1/3 thrust. Below 1/5 thrust, performance of both injectors fell
sharply, with the triplet having a small edge.

Thrust as a function of chsmber pressure is shown in fime 8. The
experimental data follow the theoretical data closely above a chamber
pressure of 2(XIpounds per square Wch absolute and fall slightly below
it at lower pressures, indicating close agreement with the theoretical
nozzle thrust coefficient. Transition between thrust levels waa easily
accomplished with both injectors. Sane rough combustion was encountered -
with the swirl-cup injector, but it did not hamper operations.

.

.—— —— —.——— -– — .—— __— —— .. . —



6 coNFIDEMTl&&
L

DISCUSSION

The variable triplet injector-duplicated
triplet injector tested in reference 1. Five

NACA RM E55J20
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the spray pattern of the
pistons were added to obtdn

control of orifice srea. The fuXl thrust spray characteristicswere good
and resulted in god performance. However, when the pistons were used to
close off holes to reduce flow, the spray pattern became progressively
worse because of excessive leakage around the pistms. The @dant-fuel
ratio also varied with flow change as a result of this leakage. The oxi-
dant leaked much more than the fuel, which was sealed relatively well.
The oxidant flow passages forming the protruding portion of the injector
face became quite hot during operation, while the recessed fuel passages
raed relatively cool (note heat discoloration in fig. 2). This ex-
cessive heating etidently warped the oxidant portion of the injector
enough to prevent a good seal. The mismatched sprays resulting from the
leakage gave successively lower efficiencies as thrust was reduced. “
Stice tank pressures were kept constant, the pressure differential across
the injector continuously increased with decreasing thrust. At the ex-
trae low-thrust position (only 1 triplet set open in each WOup of 10),
the greatest leakage through the covered holes occurred. This leakage
resulted in both low efficiency and poor mixture-ratio control.

The variable swirl-cup injector was patterned after the four-entrg
swirl-cup injector reported in reference 1. However, the orifices were
made larger to obtain greater thrust and the cup dimensions were changed
Sughtly. At peak thrust, performance was lower than that obtained in
reference 1, evidently because of the changes. Thrust variatim was
smooth over a wide range and no difficulties were encountered in changing
thrust. In contrast to the performance of the triplet, efficiency re-
mained high (90 percent or better) in the entire top two-thirds of the
thrust range. The injector flow pattern was not appreciably disrupted
until about the 1/3 thrust point when the streams (in water testing)
started to leave the cup without hmlng mixed properly. Performance then
fell rapidly at lower thrust, as it &Ed with the triplet injector.

The triplet injector could be improved by the addition of a control
mechanism that would positively seal off flow. This change would probably
result in ~eater efficiency in the throttled range. Redesign of the cup
and propellant entrances could make the performance of the swirl-cup in-
jector cmnparable to that of the triplet injector.

Over-all performance would be greatly improved for a variable-thrust
engine if the gas flow at the throat were also throttled to maintain con-
stant chamber pressure. This, coupled with liquid throttling at the in-
jector as reported herein, would give the most efficient engine. However, -
structural and cooling problems of a variable throat would probably re-
quire considerable research and development.

.
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SUMMARY OF RESUITS

The performance and operattig characteristics of two variable-thrust
injectqrs were investigated over a wide range of thrust using mixed oxides
of nitrogen and ammonia. Peak-performance results are smmarized as
follows:

Injector

Triplet
impinging-
jet

Swirl-cup

Msx.imum
throt-
tling
obtaine~

12 to I

18.5 tc
1

Thrust,

lb

1680
(flu
tlrllst)

168
(1/10
thrust)

1585
(full
thrust)

158.5
(1/10
thrust)

Specific
impulse,
lb-see/lb

238

123

222

116

Percent
of theo-
retical.
specific
impulse

96

Charac-
teristic
veloci-
ty,
ft~sec

5220

T
T
T

Lewis Flight Propulsion Laboratory
National Adtisory Cmmittee for Aeronautics

Cleveland, Ohio, October 21, 1955

Percent
of theo-
retical
charac-
teristic
velocity

96

mst
coeffi-
cient

1.46

T90 1.45

T
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APPENDIX A

CAWUIATION QF THEORETICAL SPECIFIC IMPUISE

NACA RM E55J20

.,

.

A rocket nozzle operated over a wide range of chaniberpressure will
offer optimm expansion only at the nozzle design chanher pressure.
Above the optimum pressure, the e-ust will be underexpanded; below it,
the exhaust will be overexpanded. In addition, when the exit pressure
drops far enough (approximately0.5 of mibient pressure, e.g. ref. 4)
the exhaust flow will separate from the nozzle.

For either the underexpanded or the overexpanded case with no sep-
aration, the following equation was used to obtain specific Impulse as a
function of chaniberpressure:

Ae
I=~h-I-~(pe -

The theoretical spectiic impulse for the nozzle design pressure ratio of
20 ~h was taken as 238 pound-seconds per pound (ref. 5). SymbolE are

defined in appenti B. The characteristic velocity was assumed constant
over the entire pressure range at 5470 feet per second (ref. 5).

The flow was assrmed to separate from the nozzle exit when the exit
pressure dropped to 0.5 of the anibientpressure. For the sepsxated case,
the following equation was used to calcuhte specific impulse as a func-
tion of chariberpressure:”

The maximum theoretical impulse, assuming the nozzle was cut off at the
point of separation Is,th, was Calculated from

@c*
ls,th = ~

with C* asmnned constant. ~ was obtained from reference 6 with

T = 1.25 and a messure ratio in each case of Pc/Ps (Ps was equal
to 0.5Pa after separation). The separation area ratio was taken as
the ideal area ratio for each separated pressure ratio Pc/Ps from
reference 7. The integrated mean pressure over the separated portion
of the nozzle Px was estimated to be 0.9 of the anbient pressure.

—.——.
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This value is accurate for initial separation but becomes less reliable
as the separation point approaches the throat.

Thrust was then calculated as a function of chaniberpressure using
the relation

F=p-
The values of I are those previously determined for each Pc. + was

the throat area of the engine used in the testing. Specific impuhe as
a fuaction of thrust was then obtained by cross-plotting. It should be
noted that the theoretical imp-e as presented herein applies only to
the particular engine assumed.

——. — —.. —— —.——. -— ...



10

A

%?

C*

F

g=

I

%h

Is,th

h

P

Px

T

area, sq in.

nozzle thrust

SYMBOIS

Fcoefficient —
‘ PcAt

NACA RM E55J20

.

pcA-&
characteristic velocity, ~, ft/sec

thrust, ml

i
conversion factor, 32.2 ft-lb mass/see2-Ib force

specific impulse, F/rn,lb-see/lb

theoretical ~ specific imptie for

theoretical mmdmum specific impulse for

nozzle design, lb-see/lb “

separated flow aqsuming
the nozzle designed-for the p~int of separation, lb-see/lb

mass flow of propellants per unit time, lb/see

pressure, lb/sq in. abs

inte ated mean pressure over separated portion of nozzle,

T13 sq in. abs

ratio of specific heat at constant pressure to spec~ic heat at
constant volume

Stiscripts:

a anibient(sea level)

c in chamber

e at nozzle exit

s at point of flow

t engine throat

separation from wall

coNmm?iTKL-’” -->5
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TABLE I. - I?ERF’ORMANCEm TRIPLET IMI?INGING-JETINJECT(IR

TJsrN’GMIxEDaxmEsaFImcRm Am) AMMm

Ttlrusi5j
u)

1542
1825
1605
1710
1666
1688
1695
1695
1682
1684
1660
1690
1298
1384
1245
1415
1350
14L0
1403
1370
1407
1339
I-233
1345
860

1059
948
970
881
898
975
889
710
716
591

chamber
pressure,
lb/sq in.

abs

427
---
---

456
457
456
455
455
454
452
450
---

377
375
353
380
368
383
379
376
389
364
349
374
249
292
272
277
254
260
282
262

218
186

Oxiaant.
fUel
weight
ratio

1.47
1.!51
1.65
1.66
1.78
1.85
1.88
1.90
1.93
1.98
2.01
2.15
1.60
1.77
1.78
1.82
1.83
1.91
1.92
1.92
1.97
1.98
2.17
2.22
1.47
1.54
1.59
1.70
1.80
1.83
2.24
2.73
2.08
2.35
2.96

SpecifTc
impulse,
1.b-sec/133

228
236
233‘
234
239
235
237
237
236

~240
234
236
215
233
225
238
231
234
235
236
241
235
235
231
202
223
206
208
219
216
2sl
209
197
209
174

Charac-
teristic
Velocity,
ft~sec

5160
----
----

5090
5340
5180
5190
5190
5190
5240
5160
----

5060
5140
5170
52J-O
5140
5180
5170
5270
5420
5210
5400
5250
4750
4990
4790
5830
5140
5090
4950
5000
4760
5190
4450

——
‘rhrust
coeffi-
cient

1.43
----
----
1.48
1.44
1.46
1.47
1.47
1.46
1.47
1.46
----

1.37
1.46
1.40
1.47
1.45
1.46
1.46
1.44
1.43
1.45
1.40
1.42
1.37
1.44
1.38
1.39
1.37
1.37
1.37
1.34
1.33
1.30
1.26

t--
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TABLE I. - Concluded. l?ERl?QRMANCECF TRIPLET IMH3?GING-JET

INmmmusw-oxlDEsm NTTRWEN AND AMMONIA

Thrust, Chanber &Ldant- spec~ic C3.1arac- Tbrl.lst
lb pressure, fuel impulse, teristic coeffi-

lb~sq in. weight lb-see/lb velocity, cient
abs. rat10 ft~sec

599 186 3.64 168 4230 1.27
396 136 3.29 151 4210 1.15
347 126 3.60 l+tl 4180 1.09
232 89 2.35 149 4660 1.03
227 89 2.67 134 4280 1001
242 96 3.65 108 3490 1.00
200 86 5.22 106 3720 .92
152 64 4.54 100 3#o ● 95
141 58 5.04 88 2960 .95
96 47 5.20 87 3460 .81

SL4 53 5.92 81 3080 .85

TABLE II. - PIIRF-cE OF SWIRL-m 13UlEcToR

US13?GMIXED QXEDESQFNITR= KND AMMONIA

Thrust, Cha@er Qxh3ant- Specific C!harac- Tbrust
lb pressure, fuel impulse, teristic coeffi-

lb~sq in. weight lb-see/lb velocity, cient
abs ratio ft/sec

1587 435 1.90 221 4910 1.45
1587 433 2.06 224 4960 1.45
---- 391 1.59 --- 4795 ----
1370 383 2.07 217 4930 1.+KL
1345 372 1.78 226 5080 1.43
1318 366 1.83, 220 4970 1.43
1043 291 1.48 221 5000 1.42
975 276 1.39 216 4960 1.40
807 237 1.31 198 4725 1.35
345 122 1.56 180 4920 1.12
176 74 1.57 118 4030 .94
86 42 1.93 72 2840 .81

13
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I #Ch~eti+ (ref. 5) I
II I -k-r—r-w-~– I I I I

‘-1 I

260 1 I I I 1 1 I
!lhmretical; frozen composition expansion;
chmberpressure, 450 lb/sq in. (ref. 5)
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0
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0 0

~
0

0

220
1.4 1.6 1.8 2.0 2.2 2.4 2.6

OxMsnt-fuel weight ratio

Figure 4. - Theoretical snd eqerimental performance of triplet
injector using mixed oxides of nitrogen and ammonia. ‘Thrust,
chamber pressure, 450 pounds per squareinchabsolute..
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